Listeria monocytogenes is a bacterial pathogen that promotes its internalization into host epithelial cells. Interaction between the bacterial surface molecules InlA and InlB and their cellular receptors E-cadherin and Met, respectively, triggers the recruitment of endocytic effectors, the subversion of the phosphoinositide metabolism, and the remodeling of the actin cytoskeleton that lead to bacterial engulfment. Additional bacterial surface and secreted virulence factors also contribute to entry, albeit to a lesser extent. Here we review the increasing number of signaling effectors that are reported as being subverted by L. monocytogenes during invasion of cultured cell lines. We also update the current knowledge of the early steps of in vivo cellular infection, which, as shown recently, challenges previous concepts generated from in vitro data.
L isteria monocytogenes is a saprophytic grampositive bacterium responsible for human listeriosis, a food-borne disease characterized in immunocompromised individuals by severe septicemia and meningoencephalitis; in pregnant women, placental infection can lead to meningoencephalitis of the newborn and abortion (Allerberger and Wagner 2010) . The potential of L. monocytogenes to cause disease correlates with its capacity to survive within macrophages, to invade nonphagocytic cells and replicate therein (Fig. 1) , and also to cross the intestinal, the blood-brain, and the fetoplacental barriers (Lecuit 2005; Cossart 2011 ). The proteins involved in cellular invasion and tissue tropism are encodedby theinlABgenelocus (Gaillard etal. 1991) . The factors required for intracellular survival are encoded by the major virulence locus of L. monocytogenes. They include the secreted listeriolysin O (LLO) and two phospholipases involved in the disruption of phagosomal membranes and bacterial escape to the cytoplasm Mengaud et al. 1987; Váz-quez-Boland et al. 1992) , the surface protein ActA that mediates the polymerization of cytoplasmic actin (Domann et al. 1992; Kocks et al. 1992) and favors cell-to-cell spread (Tilney and Portnoy 1989) as well as PrfA, the transcriptional activatorof bacterial virulence genes (Leimeister-Wächter et al. 1990; Mengaud et al. 1991) . Comparative genomic approaches on the pathogenic L. monocytogenes and the nonpathogenic Listeria innocua has led in recent years to the identification of many additional bacterial factors required for infection (Camejo et al. 2011; Cossart 2011) . In this article, we will summarize our current understanding of bacterial effectors and cellular signaling cascades that are subverted by L. monocytogenes in order to invade mammalian epithelial cells.
InlA AND InlB: TWO MAJOR VIRULENCE FACTORS INVOLVED IN CELL INVASION
The two major invasion proteins of L. monocytogenes, InlA and InlB, belong to the so-called internalin family. Indeed, L. monocytogenes genome encodes 27 proteins now known as internalins, based on the presence of tandemly arranged leucine-rich repeats (LRRs) in their amino-terminal domain, which in several cases have been shown to be involved in protein -protein interactions with host-cell ligands (Marino et al. 2000; Cabanes et al. 2002; Bierne et al. 2007) . Internalins are classified in three different groups according to their association to the L. monocytogenes surface through their carboxyterminal domain: 21 internalins present LPXTG motifs that direct covalent protein anchoring to the cell wall peptidoglycan; this is the case for InlA, the prototype member of the family responsible for internalization-hence the name internalin-within a specific subset of host epithelial cells (Gaillard et al. 1991) . InlB has been implicated in vitro in the invasion of a broad range of host cells. It is the only internalin characterized by repeats starting with the dipeptide GW (known as GW motifs) that promote loose interactions with the cell wall lipoteichoic acid (Dramsi et al. 1995; Braun et al. 1997; Jonquières et al. 1999) . Four internalins lack anchoring motifs and are secreted: Among them, InlC interferes with NF-kB signaling and also perturbs cell -cell contacts intracellularly, promoting cell-to-cell spread (Rajabian et al. 2009; Gouin et al. 2010) . So far, InlA and InlB are the only internalins that have been directly implicated in L. monocytogenes internalization within host cells; here we detail the signaling pathways activated by InlA and InlB (Fig. 2) as well as how other bacterial proteins potentiate invasion. Figure 1 . Intracellular cell cycle of L. monocytogenes. L. monocytogenes binds to epithelial host cells and promotes its own uptake in a process mediated by the two bacterial surface proteins InlA and InlB. The secreted poreforming toxin LLO (together with the bacterial phospholipases PlcA and PlcB, depending on the cell type) promotes vacuolar rupture and bacterial escape to the cytoplasm, where L. monocytogenes can replicate efficiently. Surface expression of ActA allows intracellular bacteria to polymerize host cell actin and to generate actin comet tails that propel L. monocytogenes through the cytoplasm and through membrane protrusions into neighboring cells. There, bacteria localize in a double membrane vacuole, which can be lysed by LLO, PlcA, and PlcB to start a new infection cycle. InlA Interacts with the Adhesion Molecule E-Cadherin to Promote Invasion in Specific Cellular Subpopulations E-cadherin is an adhesion molecule involved in the formation of adherens junctions at the intestinal barrier, the blood -brain barrier, and the placenta, which has been identified as the cellular receptor for InlA (Mengaud et al. 1996) . In mammalian tissues, polarized epithelial cells are characterized by the presence of several adhesion structures including tight and adherens junctions, which confer to a given organ impermeability to the external environment. Homophilic interactions between the extracellular domains of E-cadherin molecules in adjacent epithelial cells are required for the initial formation of adherens junctions; these structures are further stabilized by dynamic interactions of the Ecadherin cytoplasmic domain with elements of the clathrin-mediated endocytosis machinery and the actin cytoskeleton. As discussed below, L. monocytogenes subverts these cellular mechanisms to promote bacterial internalization. Interaction between the InlA LRRs and E-cadherin is sufficient to promote bacterial adhesion and entry into host cells: Indeed, LRRs expression on the surface of the noninvasive species L. innocua or on latex beads allows particle internalization in Caco-2 cells (Lecuit et al. 1997) .
Remarkably, the InlA/E-cadherin interaction is species specific: A proline at position 16 of human or guinea pig E-cadherin is critical for its interaction with InlA, whereas a glutamic acid at the same position in mouse or rat E-cadherin precludes InlA recognition. Elegant studies have shown that expression of a murine E-cadherin displaying a proline instead of a glutamic acid at position 16 allows recognition of this molecule by InlA in vitro and in vivo (Lecuit et al. 1999 (Lecuit et al. , 2001 . The crystal structure of the InlA LRRs in association with the first extracellular domain of the human E-cadherin has illustrated the molecular basis of this specificity: The proline 16 is accommodated in a hydrophobic pocket created by a deletion of one amino acid in the InlA LRR6, which shortens this repeat to 21 residues (instead of 22 observed in all other repeats); a bulky glutamic acid at this position does not fit the InlA LRRs hydrophobic pocket and prevents E-cadherin binding (Schubert et al. 2002) . Owing to the specific distribution of E-cadherin in certain tissues, InlA plays a critical role in vivo in the bacterial traversal of the intestinal barrier and the tropism for the placenta (see below). Moreover, owing to its species-specific interaction with E-cadherin, InlA appears as the most important effector determining the susceptibility of a host to a L. monocytogenes infection.
InlB Interacts with the Hepatocyte Growth Factor Receptor Met to Promote Internalization in a Wide Variety of Mammalian Cells
InlB, which is encoded by the second gene of the inlAB locus (Gaillard et al. 1991) , allows L. monocytogenes internalization in a broad range of cell lines including HeLa, HEp-2, HepG2, TIB73, and Vero cells (Dramsi et al. 1995; Lingnau et al. 1995; Braun et al. 1998 Braun et al. , 1999 Greiffenberg et al. 1998) . Several host-cell molecules have been identified as potential receptors for InlB; among them, the hepatocyte growth factor (HGF) receptor Met plays the most critical role for bacterial internalization (Shen et al. 2000) . Met is a ubiquitous receptor tyrosine kinase that controls cell migration and growth during embryogenesis, as well as invasion and metastasis in cancercells (Trusolino and Comoglio 2002) . The mature protein is a disulphide-linked heterodimer formed by a short extracellular a chain and a longer b chain that comprises an ectodomain, a transmembrane domain, and a cytoplasmic tail where a kinase domain and phosphorylatable motifs are located (Birchmeier et al. 2003) . InlB functionally mimics HGF, the natural Met ligand, through the binding of its LRRs Marino et al. 1999; Niemann et al. 2007) . As in the case of the InlA/E-cadherin interaction, InlB interaction with Met is species specific: InlB interacts with human and mouse Met, but does not recognize the guinea-pig or rabbit receptor (Khelef et al. 2006) . In susceptible species, InlB is reported to dimerize on binding to Met (Ferraris et al. 2010) leading to the receptor dimerization, the autophosphorylation of the protein-docking motifs, and the recruitment of protein effectors that induce signals to the actin cytoskeleton and the endocytosis machinery (see below). CD44v6, a member of the CD44 family of type I transmembrane glycoproteins, has been reported to potentiate Met activation by HGF and also by InlB (Orian- Rousseau et al. 2002; Ponta et al. 2003 ) but conflicting results exist concerning its implication during L. monocytogenes invasion (Jung et al. 2009; Dortet et al. 2010) . The "B repeat" of InlB, often referred to as a spacer domain between the LRRs and GWmodules, has also been reported to participate in the activation of Met and to endow InlB with stronger biological activities than those elicited by HGF (i.e., activation of a Ras-MAP kinase pathway) (Copp et al. 2003) . However, structural studies indicate that it does not interact with Met, leading to the proposal that the B repeat may interact with a nonidentified cellular receptor (Ebbes et al. 2011) .
Although the amino-terminal LLR domain of InlB is critical for activating Met, the three carboxy-terminal GW modules are required to stabilize the InlB/Met interaction. As mentioned previously, the GW modules were originally described as mediating loose interactions between InlB and the lipoteichoic acids of the L. monocytogenes cell wall Jonquières et al. 1999 ) and interestingly, soluble heparin can detach InlB from the bacterial cell wall ). Heparin and glycosaminoglycans (GAGs), which are highly charged extracellular matrix polysaccharides, favor the surface clustering of growth factors including HGF, potentiating their activity by stabilizing their interaction with their receptors (Zhang 2010) . Purified InlB was shown to bind to purified GAGs through its GW domains and invasion of Chinese hamster ovary (CHO) cells is potentiated 10-fold when GAGs are produced at the cell surface ). These results suggest that the GW modules of InlB present the dual function of attaching InlB to the bacterial cell wall and of enhancing L. monocytogenes entry triggered by the LRRs domain, reinforcing the similarities between the mechanisms of cell activation exerted by InlB and HGF Banerjee et al. 2004 ). The GW domains of InlB have been reported to bind another ubiquitous cellular molecule, the receptor of the globular part of the complement component C1q (gC1q-R) Marino et al. 2002) . Intriguingly, gC1q-R is a glycosylphosphatidylinositol (GPI)-anchored protein that does not present a cytoplasmic domain, suggesting that signaling on interaction with InlB is transduced through another cofactor. It has been reported that interaction between gC1q-R and InlB GW domains antagonizes rather than enhances InlB signaling (Marino et al. 2002; Banerjee et al. 2004) . Therefore, the precise role of gC1q-R in L. monocytogenes infection remains to be clarified.
InlB expression by L. innocua does not induce bacterial adhesion to Vero cells (Jonquières et al. 1999) suggesting that InlB does not function as an adhesin but instead as a potent signaling invasin that mediates L. monocytogenes internalization through interactions with multiple host-cell ligands. The potential synergy of the InlA-and the InlB-invasion pathways has not been fully explored yet but it has been recently found that InlB plays, together with InlA, a critical role in the colonization of the placenta in vivo (Disson et al. 2008 ) (see below).
The Clathrin-Mediated Endocytosis Machinery Is Involved in the Early Steps of Entry
The clathrin-mediated endocytosis machinery is involved in the cell invasion by L. monocyto-genes (Veiga and Cossart 2005; Veiga et al. 2007; Bonazzi et al. 2011) . For both the InlA and the InlB pathways, the initial events in the internalization process are the posttranslational modifications of the two main Listeria receptors E-cadherin and Met: Indeed, E-cadherin is phosphorylated by Src and then ubiquitinated by Hakai (Bonazzi et al. 2008) , whereas Met autophosphorylation leads to the recruitment of Cbl, which in turn ubiquitinates Met (Veiga and Cossart 2005) . Recent studies have shown that the clathrin adaptor Dab2 is recruited to the L. monocytogenes receptors followed by the clathrin heavy and light chains; interestingly, the clathrin heavy chain is phosphorylated and this event is critical for the bacterial internalization process (Bonazzi et al. 2011 ). The protein Hip1R, which interacts with the clathrin light chain and also with the actin cytoskeleton, is then recruited; in addition, myosin VI can bind Hip1R and interact with actin filaments: Its capacity to move toward the minus end of the actin filaments fits well with a function in pulling the bacteria inside the cell (Bonazzi et al. 2011) . Small interfering RNA (siRNA) experiments have shown that other members of the CME machinery play a critical role, in particular, dynamin (Veiga and Cossart 2005) , which in turn can recruit cortactin, an activator of Arp2/ 3, a main actin nucleator; a first wave of actin polymerization could thus be triggered by cortactin. Structural studies reveal that clathrincoated pits are present at the L. monocytogenes entry foci and are probably the sites of early actin rearrangements (Bonazzi et al. 2011) . Interestingly, in JEG-3 epithelial cells, clathrin-independent mechanisms involving caveolin also mediate bacterial internalization downstream from the InlA-invasion pathway (Bonazzi et al. 2008 ).
Cytoskeletal and Membrane Rearrangements during Invasion Are Regulated by Actin-Binding Proteins, Small GTPases, PI 3-Kinase, and Phosphoinositides
As shown by numerous studies, following the first wave of actin polymerization described above or concomitantly, a second wave of actin rearrangements takes place during the L. monocytogenes invasion process, involving a PI 3-kinase, small GTPases of the Rho family, and several actin-binding proteins. The use of the PI 3-kinase inhibitors wortmannin and LY294002 showed in early studies that type IA PI 3-kinase activity is necessary for L. monocytogenes infection of Caco-2 and Vero cells via the InlAand InlB-invasion pathways, respectively (Ireton et al. 1996) . In Caco-2 cells, however, no increase in PI(3,4)P 2 or PI(3,4,5)P 3 levels was detected on interaction with L. monocytogenes, because in these cells PI3 kinase is constitutively and highly expressed. On the contrary, 10-and 20-fold increases on PI(3,4)P 2 or PI(3,4,5)P 3 levels are detected on infection of Vero cells with L. monocytogenes via the InlB-invasion pathway (Ireton et al. 1996) . In these cells, activation of type IA PI 3-kinase is promoted by the protein adaptors Gab1, Cbl, and Shc, which are phosphorylated and recruited to the Met cytoplasmic tail, translocating with them the p85 subunit to the L. monocytogenes invasion foci (Ireton et al. 1999; Shen et al. 2000) . Gab1 can also be translocated to the plasma membrane through its pleckstrin homology domain, which binds PI(3,4,5)P 3 (Basar et al. 2005 ) and indirectly boosts type IA PI 3-kinase activity via recruitment of the adaptor protein CrkII (Sun et al. 2005; Dokainish et al. 2007 ). PI(3,4,5)P 3 produced by the type IA PI 3-kinase plays a critical role in the recruitment of molecules that modulate actin cytoskeleton dynamics (see below) to the plasma membrane and a recent study has shown that the 5 0 -phosphatase OCRL restricts bacterial entry by precisely reducing the levels of PI(4,5)P 2 and PI(3,4,5)P 3 at L. monocytogenes entry foci (Küh-bacher et al. 2012) .
Actin polymerization following the InlB/ Met interaction differs among cell lines: In Vero cells, plasma membrane lipid rafts promote the clustering of PI(3,4,5)P 3 and favor the translocation of Rac1 to the plasma membrane (Seveau 2004; Seveau et al. 2007) ; together with the Wiskott-Aldrich syndrome protein (WASP)-related protein complex WAVE2, Rac1 promotes actin polymerization by the Arp2/3 complex (Bierne 2001; Bierne et al. 2005) . In HeLa cells, Rac1 and Cdc42 are required for Arp2/3 activation downstream from PI(3,4,5)P 3 , together with N-WASP, WAVE1, and WAVE2 ; in this cell line, PI(3,4,5)P 3 is also recognized by ARAP2, a protein that functions as a GAP for the small GTPase Arf6; ARAP2 promotes actin rearrangements during L. monocytogenes invasion in part by antagonizing the activity of Arf6 (Gavicherla et al. 2010) . In murine fibroblasts, Cdc42 participates in the activation of Rac1 via PI 3-kinase-dependent and -independent mechanisms (Bosse et al. 2007) . A recent systems-biology study has identified nine genes encoding known upstream regulators or downstream effectors of the type IA PI 3-kinase required for invasion of target cells by L. monocytogenes including the small GTPase Rab5 and several regulators of Arf or Rac1 small GTPases (Jiwani et al. 2011 ). PI4P, a phosphoinositide usually present at the Golgi and produced by type II PI 4-kinases, is detected at bacterial entry sites and is critical for invasion in LoVo and HeLa cells. PI4P does not seem to function as a PI(3,4,5)P 3 precursor but rather acts as an independent effector fostering bacterial invasion downstream from the tetraspanin CD81 Tham et al. 2010) .
Concerning the InlA/E-cadherin invasion pathway, inhibition of Src kinase with the pharmacological agent PP1 in L2071hEcad cells showed that phosphorylation of cortactin by Src contributes to the recruitment of the Arp2/ 3 complex to bacterial invasion foci and initiates actin polymerization (Sousa et al. 2007) . Among the small GTPases of the Rho family known to control actin dynamics, only Rac1 (but not Cdc42 or RhoA) appeared to be required for L. monocytogenes entry in Caco-2 cells (Sousa et al. 2007 ). The interactions between E-cadherin and the actin cytoskeleton are highly complex (Yamada et al. 2005) . In both adherens junction formation and internalization of Listeria, they involve a and b catenins (Lecuit et al. 2000) . A two-hybrid screen using a-catenin as bait identified the autosomal recessive hypercholesterolemia GTPase-activating protein 10 (ARHGAP10) as a molecule required for a-catenin recruitment and actin cytoskeleton rearrangements during L. monocytogenes invasion (Sousa et al. 2005a ). However, ARH-GAP10 promotes GTP hydrolysis by Cdc42 and RhoA but not Rac1; because Cdc42 and RhoA are not involved in InlA mediated entry, ARHGAP10 may function as an adaptor protein rather than GAP favoring interactions between a-catenin and still nonidentified molecular partners during bacterial internalization. The unconventional Myosin VIIa has also been identified as a binding partner of the transmembrane molecule vezatin and E-cadherin in the InlA-invasion pathway and could participate, together with actin, in membrane rearrangements required for bacterial entry (Sousa et al. 2004) .
Elongation of actin filaments and depolymerization of actin are tightly controlled events during L. monocytogenes internalization. Sequestration of the actin-binding proteins Ena/ VASP to the mitochondria (by the expression of mitochondrial targeting motifs) as well as siRNA inactivation of VASP inhibit the entry of bacteria or InlB-coated beads in Vero cells, demonstrating a role for VASP in entry . In addition, overexpression of the LIM kinase, which phosphorylates and inactivates the actin depolymerizing factor cofilin, induces the accumulation of actin filaments beneath bacteria in Vero and REF-52 cells, preventing internalization and showing that actin depolymerization is critical during the late stages of the entry process (Bierne 2001) . Interestingly, phosphorylated cofilin also drives phosphatidylcholine cleavage by host-cell phospholipase D1 (PLD1) and perturbation of the cellular levels of PLD1 blocks L. monocytogenes entry in Vero and HepG2 cells (Han et al. 2011) .
Among the many other cellular actin interacting partners, septins represent a group of small GTPases known to polymerize into oligomeric protein complexes and filaments (Surka et al. 2002 ) that regulate cytokinesis, vesicle transport, and intracellular compartmentalization in a wide range of organisms (Beites et al. 2005; Estey et al. 2011) . A member of the septin family, SEPT9, was initially identified as being recruited together with actin to the entry site of InlB-coated beads in LoVo cells (Pizarro-
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Cite this article as Cold Spring Harb Perspect Med 2012;2:a010009 Cerdá et al. 2002) . Yeast two-hybrid screens and immunoprecipitation experiments revealed the interaction of SEPT9 with SEPT2, SEPT7, and SEPT11 in resting or InlB-stimulated HeLa cells (Mostowy et al. 2009a,b) and atomic force microscopy has shown that SEPT2 and SEPT9 contribute to the anchorage of Met to the actin cytoskeleton ). Inactivation of septins by siRNA highlighted different contributions of SEPT2 and SEPT11 to L. monocytogenes invasion: SEPT2 knockdown severely modifies the actin cytoskeleton and inhibits bacterial entry (Mostowy et al. 2009b ), whereas SEPT11 knockdown increases hostcell infection without modifying the actin cytoskeleton or affecting the Met signaling pathway, suggesting that SEPT11 rather restricts the InlB-mediated cell invasion (Mostowy and Cossart 2009) .
In summary, the multiple interactions between the clathrin-mediated endocytosis machinery, the various phosphoinositides, and the actin cytoskeleton during L. monocytogenes cellular invasion highlight a very complex process whose dynamics vary with the nature of the infected cell. Genome-wide siRNA screens in progress should help in deciphering the orchestration of the molecular events that are key to cellular infection, and will address, in particular, whether internal membrane components are shuttled to the plasma membrane during entry.
Role of InlA and InlB in the Traversal of the Host Barriers In Vivo
Different lines of evidence show a critical contribution of InlA during L. monocytogenes infection in vivo. Indeed, epidemiological studies (Olier et al. 2003; Jacquet et al. 2004) show that strains in which InlA is truncated and secreted are frequently found in asymptomatic carriers or in food products, whereas full-length InlA is present far more frequently in clinical strains, suggesting that expression of an intact InlA molecule correlates with full bacterial virulence. When E-cadherin was identified as the receptor for InlA (Mengaud et al. 1996) , a role for this internalin in the traversal of the intestinal barrier was proposed because E-cadherin is an adhesion molecule localized at the basolateral surface of several cell types of the small intestine villi, including enterocytes (absorptive cells) and goblet (mucus-secreting) cells. Studies in guinea pigs, which express an E-cadherin recognized by InlA, as well as in transgenic mice expressing the human E-cadherin under the control of the iFABP intestinal promotor, have confirmed that the presence of InlA is required for the traversal of the small intestine barrier in vivo through enterocyte invasion (Lecuit et al. 2001) . Of note, in enterocytes E-cadherin is mainly present at adherens junctions where molecules are hidden below tight junctions and therefore are not normally exposed to the lumen of the intestine (Sousa et al. 2005b) . Using rabbit ligated ileal loops and Madin-Darby canine kidney (MCDK) cells as a polarized epithelium model, it has been proposed that L. monocytogenes does not disrupt the enterocyte tight junctions to gain access to E-cadherin, but instead interacts with exposed E-cadherin at sites where apoptotic cells are expelled and detached from the epithelium by extrusion, suggesting that L. monocytogenes exploits the dynamic nature of epithelial renewal and junctional remodeling in small intestinal villi to breach this barrier (Fig. 3) (Pentecost et al. 2006) . Of note, infection of wild-type mice intragastrically with a L. monocytogenes strain expressing a modified InlA that binds murine Ecadherin suggested that InlB also participates in bacterial internalization at small intestine villi; experiments in MDCK cells suggest that InlB does not act as an adhesin but rather accelerates bacterial internalization by promoting endocytosis of junctional components (Pentecost et al. 2010) . It has thus been proposed that InlA provides specificity of adhesion to exposed E-cadherin at the tip of small intestine villi and InlB activates Met to accelerate junction endocytosis and bacterial invasion of enterocytes.
A recent study in iFABP transgenic mice has identified several discrete locations where E-cadherin is luminally accessible, including extruding enterocytes at the tip of villi as described above, but also villus epithelial folds and particularly junctions between mucus-secreting goblet cells, which are recognized as the preferred sites for L. monocytogenes translocation at the small intestine (Nikitas et al. 2011) . The InlAdependent bacterial translocation through goblet cells is extremely rapid and surprisingly LLO and ActA independent; pharmacological and microscopical analyses reveal that L. monocytogenes does not escape from its internalization vacuole in goblet cells and rather takes advantage of a transcytosis mechanism that allows fast traversal of the small intestinal barrier (Fig. 3) (Nikitas et al. 2011) . Although the small intestine is a major site for L. monocytogenes invasion, experiments in gerbils, which are natural hosts for L. monocytogenes, and in humanized transgenic mice that express E-cadherin in all physiological tissues, show that bacterial InlA-dependent translocation can also be observed at the caecum and the colon of the large intestine (Disson et al. 2008) . Studies in rat ligated ileal loops from the lower part of the small intestine suggest furthermore that Peyer's patches, which are lymphoid nodules lined by antigen-sampling microfold (M) cells, may represent L. monocytogenes InlA-and InlB-independent invasion sites at the intestinal level (Pron et al. 1998; Corr et al. 2006 ).
As mentioned above, epidemiological data indicate that full-length InlA is predominant in clinically isolated L. monocytogenes strains, and this is particularly striking in pregnancy-related cases, in which 100% of isolated strains display an intact InlA molecule (Jacquet et al. 2004 ). In the placenta, E-cadherin is particularly enriched at the continuous multinucleated syncytiotrophoblast layer, which contributes to the barrier function of this organ, and studies in placental explants from human fetoplacental listeriosis cases as well as in primary cell cultures and placental cell lines indicate that interaction between InlA and the syncytiotrophoblast E-cadherin is critical for the traversal of the fetoplacental barrier . During the first trimester of pregnancy, the syncytiotrophoblast overlies a cytotrophoblast layer, which also participates in the placental barrier, and analyses of first trimester human placental cultures suggest that cytotrophoblasts can also be targeted by L. monocytogenes via InlA/E-cadherin interactions or cell-to-cell spread from infected phagocytes (Robbins et al. 2010; Zeldovich et al. 2011) . The conjugated action of InlA and InlB to fetoplacental listeriosis was originally debated: Although it was shown in human mature placental explants that InlB participated together with InlA to syncytiotrophoblast invasion , in the guinea-pig model no role was shown for InlA despite its permissiveness to the InlA pathway (Bakardjiev et al. 2006) , and in the mouse model no role was observed for InlB despite its permissiveness to Studies of the InlA and InlB pathways have been performed in different human and mammalian cell lines. Although some of them express both L. monocytogenes receptors, E-cadherin and Met, allowing the bacterium to enter by both pathways in concert or individually if either InlA or InlB is deleted, other cell lines do not express E-cadherin and can therefore only be used for studies concerning the InlB-invasion pathway.
the InlB pathway (Le Monnier et al. 2007 ). The different organization of the placenta in these animal models could partially account for differences reported in each of these studies. However, these apparently contradictory observations were subsequently explained when it was found in gerbils and knock-in mice ubiquitously expressing humanized E-cadherin, that placental infection by L. monocytogenes takes place only when both InlA-and InlB-invasion pathways are functional as in humans (Disson et al. 2008) . It is not the case in the guinea pig in which Met is not a receptor for InlB (Khelef et al. 2006) , and it is also not the case in the mouse in which E-cadherin is not a receptor for InlA (Lecuit et al. 1999 ).
Modulation of InlA-and InlB-Dependent Invasion Pathways by Other Internalins
To date, among the 27 known L. monocytogenes internalins, InlA and InlB are the major virulence factors implicated in cell invasion. Several studies suggest that other members of the internalin family may modulate L. monocytogenes invasion (Chatterjee et al. 2006 ) by behaving as adhesins, by indirectly affecting the surface exposure of InlA and/or InlB, or by directly interacting with putative novel cellular receptors. For example, expression of the LPXTG-anchored InlJ by L. innocua leads to bacterial adhesion (but no invasion) to human JEG-3 and HT29 polarized epithelial cells , but its potential cell ligand has not been identified yet. The gene cluster inlGHE is required for full invasion of Caco-2 cells by the L. monocytogenes EGDe strain and it has been hypothesized that its expression may indirectly modulate the bacterial cell wall organization, therefore affecting InlA presentation at the L. monocytogenes surface (Bergmann et al. 2002) .
A particular case has been reported for InlF: Under standard cell culture conditions, no role has been observed for this LPXTG internalin during invasion of Caco-2 and HepG2 cells in vitro or during Balb/c mice infection in vivo . However, in human HeLa and HEp-2 cells, pharmacological inhibition of the RhoA/Rho kinase signaling pathway using the drug Y27632 increases bacterial adhesion in an InlF-dependent manner (Kirchner and Higgins 2008) . Moreover, in murine TIB75 hepatocytes and L2 fibroblasts, Y27632 treatment promotes InlF-dependent cell invasion by L. monocytogenes or by L. innocua-expressing InlF (but not InlA or InlB); Balb/c mice exposure to the HA-1077 drug, which also inhibits Rho kinases, increases the InlF-dependent virulence of L. monocytogenes in vivo (Kirchner and Higgins 2008) . The mechanisms by which the RhoA/Rho kinase signaling pathway affects infection are unknown: Because this cascade enhances the assembly of actin-myosin structures, it was hypothesized that perturbation of actin-myosin interactions may lead to the cell surface exposure of a nonidentified InlF hostcell receptor (Carragher et al. 2006) .
For several internalins including InlI, no role has been attributed to date (Sabet et al. 2005) . Interestingly, although InlC2 and InlD in the strain EGD do not participate in the invasion of Caco-2 or S180 cells in vitro and do not contribute to bacterial virulence in BALB/c mice in vivo , these internalins are the major targets of the rabbit humoral response to L. monocytogenes, together with InlA (Yu et al. 2007 ). For other members of the internalin family, different roles in bacterial intracellular stages have been identified, as is the case for InlC, which perturbs NF-kB signaling ) and cell-to-cell spread (Rajabian et al. 2009 ), or InlK, which allows escape of autophagy (Dortet et al. 2011 ). There are 14 remaining internalins that have not been characterized yet.
ROLE OF NONINTERNALIN MOLECULES IN BACTERIAL ADHESION AND INVASION
Several molecules not belonging to the internalin family have been reported to contribute to the L. monocytogenes adhesion and invasion of host cells using in vitro systems. This is the case of LLO, a major virulence factor belonging to the family of cholesterol-dependent cytotoxins first identified as a molecule allowing phagosomal maturation arrest and phagosomal lysis that leads to bacterial escape to the cytoplasmic space Dramsi and Cossart 2002; Henry et al. 2006) . LLO secreted by extracellular bacteria has been shown to modulate a broad range of cellular activities including histone posttranscripional modifications (Hamon et al. 2007 ) as well as changes in the SUMOylation profile of host cells (Ribet et al. 2010 ) and several studies indicate that extracellular LLO also potentiates L. monocytogenes cell invasion in InlA/ InlB-dependent and -independent ways. Indeed, transient increases in cellular calcium from the extracellular milieu (and not from intracellular reservoirs) induced by extracellular LLO increase the InlB-dependent bacterial invasion of HEp-2 cells (Dramsi and Cossart 2003) . Transient mitochondrial fragmentation, mitochondrial membrane potential loss, and drop in respiration and cellular ATP levels also correlate with the LLO-induced calcium fluxes and increased bacterial entry in HeLa cells, suggesting that the bioenergetic state of resting cells represents a barrier to L. monocytogenes invasion and the LLO-induced metabolic cell reprogramming promotes efficient bacterial internalization (Stavru et al. 2011) ; the molecular mechanisms that link this reprogramming with phagocytosis are currently unknown. A direct role for LLO in promoting bacterial adhesion to epithelial cells has been proposed (Krawczyk-Balska and Bielecki 2005) , and a recent study shows that LLO is sufficient to induce L. monocytogenes entry in HepG2 and HeLa cells in the absence of InA or InlB signaling (Vadia et al. 2011) . Indeed, L. innocua-expressing LLO or latex beads coated with LLO are internalized in a cholesterol-, dynamin-, tyrosine kinase-, and actin-dependent but clathrin-independent manner; interestingly, complete pore formation is critical because a LLO variant that binds to host cells but only assembles into a prepore complex fails to promote invasion. Although LLO seems therefore sufficient to trigger bacterial invasion, it is proposed that, by stimulating actin polymerization and endocytosis, this cholesterol-dependent Figure 3 . Traversal of the intestinal barrier by the InlA-E-cadherin interaction. The first contact between L. monocytogenes and host target cells takes place at the intestinal barrier level. E-cadherin, which is normally present at the basolateral face of enterocytes and therefore not exposed to the intestinal lumen, can be accessible to the L. monocytogenes invasion protein InlA at sites of apoptotic cell extrusion at the villus tip. However, the main route for bacterial translocation across the intestinal barrier is through mucus-secreting goblet cells via a rapid transcytosis mechanism that does not require intracellular bacterial escape from its internalizing vacuole.
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ActA is another major L. monocytogenes virulence factor that has been referred to play a role in bacterial invasion of host cells. ActA was first described as a protein promoting actin polymerization in the intracellular environment and bacterial cell-to-cell spread (Domann et al. 1992; Kocks et al. 1992) . Heterologous expression of ActA in the nonpathogenic species L. innocua allows bacterial internalization in epithelial polarized and nonpolarized cells (Caco-2, MCDK, HeLa, and Vero) but not in COS-1 fibroblasts, suggesting that ActA is sufficient to directly activate an invasion pathway specific for epithelial cells (Suárez et al. 2001) . The amino-terminal region of ActA is similar to the domain of the Plasmodium falciparum circumsporozoite protein involved in heparate sulfate recognition and hepatocyte binding (Pancake et al. 1992; Coppi et al. 2007) and it has been shown that the presence of heparan sulfate at the surface of CHO cells is required for the entry of L. monocytogenes in an ActA-dependent manner (Alvarez- Dominguez et al. 1997) . The in vivo conditions in which the ActA invasion-associated function would be critical for virulence remain to be characterized.
Several cell membrane enzymes involved in the modification of the L. monocytogenes cell wall architecture have been also shown to affect bacterial adhesion and/or invasion in vitro as well as virulence in vivo. For example, the lipoteichoic acid modifiers GtcA (Promadej et al. 1999) and DltA (Abachin et al. 2002) , the lipoprotein LpeA (Réglier-Poupet et al. 2003) , the prolipoprotein diacylglyceryl transferase Lgt (Machata et al. 2008) , and the protein MprF involved in the modification of the phospholipid lysylphosphatidylglycerol (Thedieck et al. 2006 ) play roles in L. monocytogenes adhesion or invasion in cell lines by probably modulating the electronegativity of the bacterial surface charge and/or altering the surface expression of adhesins/invasins. A particular class of cell membrane enzymes is the autolysins, which are involved in the digestion of the cell wall peptidoglycan: Among the six putative autolysins encoded by the L. monocytogenes genome, three of them (Ami, Auto, and IspC) characterized by the presence of carboxyterminal GW repeats have been implicated in bacterial attachment to host cells or invasion. Ami, a N-acetylmuramoyl-L-alanine amidase ) is required for adhesion but not for invasion of host cells in an DinlA, DinlB, or DinlAB background only (Milohanic et al. 2000) , and interestingly, the eight GW repeats of Ami are sufficient to promote L. monocytogenes adhesion to host cells (Milohanic et al. 2001) . Auto, the only L. monocytogenes autolysin absent from the genome of L. innocua, is required for invasion (not adhesion) to several mammalian cell lines ), whereas IspC is required for bacterial adhesion and/or invasion in a cell line-dependent manner (Wang and Lin 2008) . Intriguingly, the Dami, Dauto, and DispC strains do not display major morphological abnormalities (ActA surface expression is only affected in the DispC mutant) suggesting that these molecules probably play a minor role as autolysins in vitro; their importance is highlighted by the reduced virulence of the mutant strains in the mouse model in vivo. The potential cellular ligands for these autolysins or the precise mechanisms governing their implication in adhesion and invasion have not been identified to date.
Other bacterial molecules involved in L. monocytogenes adhesion and/or invasion include the LPXTG protein Vip , the adhesins Lap (Jagadeesan et al. 2011) , and LapB (Reis etal. 2010) as well asthe fibronectin-binding protein A (FbpA) required also as an escort protein for LLO and InlB (Dramsi et al. 2004) .
CONCLUDING REMARKS
L. monocytogenes is a fascinating bacterial pathogen able to survive in a saprophytic environment and to induce disease in mammalian hosts. Adhesion to host cells and invasion of the intracellular space are critical steps for the traversal of host barriers leading to organ infection and bacterial spread in the organism; not surprisingly, many bacterial effectors have been shown to participate in every stage of the infectious process. We are starting to understand the global principles that govern the regulation of the expression of these virulence factors. The challenge for future studies is to understand how the combinatorial function of the bacterial and cellular factors specifically contributes to the pathophysiology of listeriosis in vivo.
